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FOREWORD

Certain problems arise in connection with Army activities in
desert areas; these problems are quite different from those encountered
in more humid parts of the world. These include encroachment by moving
bodies of sand on fixed installations and deterioration of equipment
through the abrasive action of windborne sand and dust.

That such problems exist is well known, but the natural require-
ments for actuating sediment transport by the wind have not been defi.
nitely established. If rules could be developed to permit the prediction
of equipment damage by wind-carried materials, such predictions would
have considerable value f'rom the military point of view in the analysis
of desert environments. With this in mind, a contract to investigate the
mechanics of aeolian transportation of dust and sand was negotiated with
the University of Southern California. Dr. Thomas Clements, Head,
Department of Geology, was the principal investigator. This report is a
product of that contract. It features those sections of the contract
study dealing with threshold velocities for particle movement at the sur-
face and the vertical distribution of sand and dust during transport. The
material presented remains essentially as submitted except for minor edi-
torial chan-Ges and the redrafting of all maps and grp-
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ABSTRACT

Severe sand and dust storms occur at a rate of less than 2 per year
on the average in the desert areas of southwestern United States. Less
severe storms average about 4 per year. Most storms occur in late winter
or spring and last for a period of 1 to 3 days. Storm incidence is higher
in desert areas that have been disturbed by man's activities, such as
agriculture or large-scale military maneuvers. During a storm, sand and
ftst in militarily significant amounts are carried a few miles at MoL;L,
but generally only a few hundreds or thousands of feet. Wind-driven sand
is carried mostly within. 2 feet of the ground, -with 6 feet as a maximum
height in all but extremely high winds.

Critical pick-up velocities of winds vary according to the type of
desert surface, the grain size and coherency of the rurface materials•,
and whether or not the surface has been disturbed artificially. In dune
areas, winds of 10 to 15 miles per hour will initiate movement, and on
other sandy terrain, winds of 20 miles per hour will be necessary for
this. Fine materials on desert flats will be set in motion at 20 to 25
miles per hour, and on alluvial fans and playas at 30 to 35 miles per
hour. No wind-blown material will be derived from desert pavements un-
less the saw.face has been broken, and on all other above-mentioned types,
disturbing the surface will lower critical pick-up velocities by as much
as 5 miles per hour.

viii



A STUDY OF WIMDBORKI SAND AND MJST IN DESERT AREAS

SECTION I. A GENERAL ANALYSIS OF SAND AND DUST STORK CHARAUU _TICS

1. Causes of dust storms in the deserts of southwestern United States

Sand and dust storms in the deserts of southwestern United States
result from winds of relatively high velocity, generally in excess of 35
miles per hour. However, before considering the specific causes for winds
in this velocity range, it is worthwhile to first examine the general
wind-flow pattern over the southwestern portion of the United States.

A generalized picture of atmospheric pressure and prevailing winds
is shown in Figure 1, an adaptation of the work of Ives (1941). The most
significant features of the map are: the belt of westerly winds that lies
to the north of the desert area, the cold current that flows southward
along the California coast, the area of high pressure over the Pacific
Ocean, and the area of low pressure located to the south of the deserts
under consideration, centering in the Sonoran Desert of Mexico. During
the course of a year, the Pacific High moves through about 16 degrees of
latitude. 'n summer it is centered at 40 degrees north latitude, and in
winter at about 24 degrees north latitude. Throughout the winter months a
sharp pressure contrast exists between a cell of high pressure that has
developed over the Great Basin and the Sonoran low-pressure system to the
south which has become centralized in the area to the southwest of Yuma,
Arizona. In spring and autusm the Sonoran Low breaks up into several weak
lows which are centered over the larger desert basin (Ives, 1941, p 173).
It is from the interplay of these basic pressure systems that strong winds
are produced in the deserts of California,

a. Storms from the west

The most comnon situation producing strong desert winds exists
in late winter and spring when the Pacific High is icear its southernmost
position and when a deep low-pressure cell is centered in the Great Basin
in the general vicinity of Tonopah, Nevada. This situation produces a
pressure gradient from west to east and results in strong winds blowing
from the westerly quadrant, usually as southwest or southeast winds. Con-
ditions similar to these, as showvL in Figures 2 and 3, produced intense
dust storms on 13 March 1950 and 27 Dtiember 1953.

During the windstorm of 11 March 1950, winds reached a reported
velocity of 85 miles per hour at IDgeett, 65 miles per hour at Mojave, and
60 miles per hour at Palmdale. At times during the storm, swirling sand
reduced visibility to 10 feet and dust filled the atmosphere. Wind-driven
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Figure 2. Weather conditions producing sand storm of 11. March 1950.
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Figure 3. Weather conditions producing sand storm of 27 December 1954~.
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sand ruined automobile headlights and windshields and severely damaged
painted surfaces. All roads in the southwestern portion of the Mojave
Desert were closed to traffic for a period of nearly 36 hours. This storm
was reported by the California Highway Patrol as being the most severe in
their experience.

The windstorm of 27 December 1953 was also caused by the interaction
of high pressure off the coast and low pressure in the Great Basin. Winds
in excess of 40 miles per hour affected large parts of the desert. Visi-
bility in the areas most intenzely affected was between 8 and 12 feet, and
sandblasting winds caused heavy damage to automobiles along many of the
major highways, especially in the Mojave-Barstow-Baker area.

An intense sand and dust storm in the MoJave Desert occurred on 30
April 1954; this was also caused by the high- and low-pressure relation-
ship Just described. A careful perusal of weather charts for the last 5
years indicates that most of the storm-producing winds in the desert are
caused by similar weather conditions.

b. Santa Amas

A less common condition producing strong winds in the desert is
represented by Figure 4. The resultant wind, known as the "Santa Ana" or
"Santana," is a hot wind which blows from the north or northeast across
the desert down onto the coastal plain. The pressure relationship pro-
ducing Santa Ana winds is just the reverse of that described in foregoing
paragraphs. A high-pressure cell is centered over Nevada and a low is
present off the coast of California. The winds originate in the desert
and are typically hot and dry. As they cross the desert they sweep up any
available loose dust and carry it across the mountains dawn into the more
populated coastal districts. The dry winds have a desiccating effect on
vegetation and a debilitating effect on animal life.

c. Other storm winds

Dust storms are also produced by constrictions in topographic
features. As winds of moderate velocity flow through deep gorges and can-
yons, there is a "crowding" of the air flow lines, and wind velocities in-
crease appreciably. This situation is best exemplified by the storm-
producing winds in the San Gorgoaio Pass to the north of the Colorado
Desert of California. Most winds in this area are the result of marine
air moving inland toward areas of lower barometric pressure. Under cer-
tain conditions, an inversion layer is formed over the San Gorgonio Pass.
The invcrsion layer has a "capping" effect on air beneaLh, so that the
movement of air is confined to the narrow constriction where its velocity
increases rapidly.

A similar situation exists during much of the time when Santa Ana
winds blow from the desert through the Cajon Pass between the San
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Bermardino and San Gabriel Mountains. As the air is forced through this
topographic constriction, wind velocity is materially increased, causing
storms of dust and some sand in the foothills and plains at the base of
the mountains. Wind velocities of 50 miles per hour are not unusual in
the San Bernardino region during winter when the Santa Anas usually occur.
Visibility during such storms is frequently reduced to such an extent that
traffic must be halted, and abrasion damage to vehicles is extensive.
Such storms seldom last more than 36 hours.

ALuLheir uutcdl~lon prioducing local winds of sufficient velocity to
cause dust storms is associated with many of the basins of interior drain-
age. In the basins, especially if there is a playa, salt flat, or lava
flow in the lowermost portion, a marked diurnal wind cycle is apparent.
During the day the air over the flat basin surface is strongly heated,
forcing air outward away from the center of the basin. Wind velocities
become stronger as temperatures increase during the day. In the evening,
winds assume a reverse direction, with flow from the edges toward the cen-
ter of the basin. Generally, a gradual weakening of the winds takes place
through the night, so that there is little or no wind movement by dawn.
In some valleys the night winds are hot and persist until sunrise. In
Death Valley this type of wind is appropriately called a "furnace wind."

d. Dust devils

Vortical disturbances known as dust devils cause a large number
of small dust and sand storms in desert regions. These local disturbances
have a very limited extent but are without doubt the type of dust storm
most familiar to desert inhabitants. They form as a result of .dry thermal
cornection in arid and semiarid regions. Extreme surface heating of the
air leads to low-level instability of the atmosphere. Thus, shallow
whirls of upflowing air are initiated, forming chimney-like drafts. The
incoming and upflowlirg air is almost certain to be directed to one side of
the center of the rising column and hence a vigorous whirl is established.
At the bottom of the corkscrew, loose materials such as fine sand, dust,
and organic debrin are swept up and carried aloft.

Dust devils move slowly and irregularly about the desert, following
the direction of the wind. They occur most commonly during Bummer and
autumn in flat areas where vegetation is sparse or absent. Thus, one
would expect to find dust devils on the lower portions of alluvial fans,
along dry washes, on playas, and on desert flats. These dust whirls
quickly lose their identity on passing from level ground to uneven ter-
rain.

The size and rate of travel of dust devils varies considerably.
Some are quite small, being only 1 to 2 feet in diameter and some 6 to 10
feet in height, and travel at a rate of only 1 or 2 feet per second. Most
are 10 to 20 feet in diameter and several hundred feet in height and travel
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at rates between 5 and 15 miles per hour. An unusually violent whirl
near Twentynine was observed travelling at a rate of 33 miles per hour.
Buxton (1923, p 29) reported that a dust devil measuring 750 feet in
height was observed in Egypt. At Samarra in northern Mesopotamia, sev-
eral dust devils have been observed that were at least 300 meters (1,000
feet) in height, though only about 5 meters (16 feet) in diameter at the
base, Buxton also reports one instance of dust vortices at 5,000 feet,
as observed from the air by flying personnel.

Several attempts were made to measure the velocity of the upward-
moving air currents in dust devils, but all were unsuccessful. Oliver
(1945, p 31) had similar difficulties, but reported that the linear speed
of rotation at the outer edge of dust devils in the Middle East ranges
from 10 to 40 miles per hour.

Dust devils are common occurrences and usually several are observed
during the course of a day. Sometimes as many as six may be counted as
they pass along the surface. Because of their limited size, they are
generally harmless. They pass rapidly, can be easily avoided, and do no
appreciable damage. In the American deserts they are too limited in dia-
meter and height to be of any concern to the aviator. In other deserts of
the world, they may be of some consequence. Buxton (1923) states that in-
1919 a very large camp northeast of Bgdad was struck by a dust devil of
unusual size which carved its way through the camp, leaving a lane in which
not a single tent was left standing. Articles of equipment were blown as
far as 200 yards and one man was scooped out of his tent with all his

equipment and dropped twice, breaking several ribs. No dust devils
approaching this size or violence were observed during the present inves-
tigation, nor have any accounts of such swirls been reported in the
American deserts.

2. Occurrence of sand and dust storms

Observations made during this invet&igation indicate that sand and
dust storms occur almost exclusively in the late winter and spring months.
At Victorville, California.dust storms are most nunerous and intense dur-
ing the months of February, March, and April; at El Centro, California the
dust storm season starts about the first of the year and reaches a climax
in March, April, and the first two weeks of May; at Indio, California most
sand storms oceur during the period from February to April; at Thermal,
California wind storms occur mainly during March, April, and May, with a
fvw during November and December; in the vicinity of Mojave, dust storms
can be expected from about 1 December to I April, with the winds in this
region commonly blowing from the southwest; at Parker, Arizona, the acute
dusty season is from the middle of February to the middle of April.

Most of the storm-producing winds begin during, daylight hours, usu-

ally between 1000 and 11400 hours. During many storms the wind blows
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steadily throughout the day and early evening hours, abates during the

night, and then increases in intensity the next day.

The portions of the desert most susceptible to sand and dust storms
are areas where winds are relatively high and where abundant sediment less
than 1 mm. in diameter is available for wind transport. Consequently, the

principal areas of sand and dust storms are the Mojave-Barstow area, the
area along the Mojave wash between Barstow and Baker, the Coachella and
Imperial Valleys of the Colorado DeserL (where extensive cultivation in-
creases the incidence), the Death Valley-Beatty (Nevada) area, and the
area of foothills near San Bernardino.

3. Duration of storms

Information gathered from interviews indicates that most of the sand
and dust storms last from 2 to 4 days. This was true at Indio, Parker,
El Centro, Thermal, Mojave, Palmdale, and Barstow. In some instances, the

total period of blowing sediment represents two separate but consecutive
storms rather than a single disturbance. Information obtained from the
United States Weather Bureau reveals that individual storms rarely last
longer than 48 hours, but on certain occasions one storm may follow on the

heels of another, giving the impression of a single, lengthy storm. Udden
(1896) believed that sand and dust storms in the Great Basin lasted from
1 to 42 hours and that 32 hours was a good estimate for the duration of
any single storm.

Personal observations by members of our investigating group show
that most storms last from 12 to 36 hours and rarely continue for more
than 4 days. Minor storms of 2 to 6 hours are common and localized storms
of the dust devil type may last only a few minutes.

4. Velocity of desert winds

The average velocity of desert winds is surprisingly luv, and maximum
velociLles are far less than might be assumed. Of several hundred mea-
surements of wind velocity made by various members of our investigating

group, the highest velocity recorded was 33.7 miles per hour. Included
were a series of measurements taken during October 1952 and March 1954 in
the vicinity of San Gorgonio Pass and Whitewater Wash, an area known for

its persistent winds. The highest velocity recorded during these periods
was 27.4 miles per hour and the average velocity was less than 20 miles

per hour. All measurementE, were made when winds were thought to be in the

range of 0io to 60 miles per hour. Invariably, however, the measured wind-
speeds were far below the estimated speeds. It can be concluded from this

that a good rule of thumb to apply in estimating wind velocity in the

desert is to name a conservative figure and then divide the result by 2.
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Figure 5. Days per month with winds over 20 mph at Thermal Airport in
Coachella Valley, California.

The average number of days during each month of the year from 1946 to
1951 when winds of 20 miles per hour or over blew at the Thermal Airport
in the Coachella Valley is shown on Figure 5. The graph indicates that
April, May, and June are the months of strongest winds and that wIndspeeds
are lowest during the autumn and winter months. During the 6 years of
record on which the graph is based, the daily maximum wind did not exceed
30 miles per hour on 90 percent of the days, and the highest velocity
recorded was 60 miles per hour.

At Edwards Air Force Base, Muroc, California, a record of maximum
windspeed within various velocity ranges was kept for a 10-year period.
The records reveal that for all months during this period the maximum
windspeed was between 32 and 46 miles per hour, except in August, when
the maximum was between 25 and 31 miles per hour.

Extensive weather records were available for the desert stations at
Daggett and Palmdale. Daggett is reputed to be one of the windiest spots
in the desert; Palmdale, in the windy Antelope Valley, is exposed to
several dust storms eash year. Yet, a study of the wind records of these
stations again Indicates that wind velocity in the desert is much lower
than conmmonly believed.

Hourly readings obtained from 1932 through 1938 at Daggett show that
69 percent of the observations were between 4 and 15 miles per hour, 20
percent bet÷ween 16 and 31 miles per hour, and 1 percent between 32 and 47
miles per hour; a small fraction of 1 percent were above 47 miles per
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hour. Calms prevailed during 10 percent of the time. The maximum wind
velocities in miles per hour for each year of the period of record are
given below:

1932 I= 934 IM 936 M 1938

49 53 44 52 53 51 50

At Palmdale, wind records for the period from 1934 through 1938 areeven more revealing. At this station 62 percent of the observations were

between 4 and 15 miles per hour 22 percent between 16 and 3' miles per
hour, 1 percent between 32 and 47 miles per hour, and calms prevailed dur-
ing 15 percent of the time; on only one occasion during the entire period
was there a wind in excess of 47 miles per hour. The annual maximum wind
velocities in miles per hour for the period covered are:

1934 = 1936 193 1938

41 48 44 44 41

The percentage of days on which the maximun wind velocity fell within
each of the given velocity classes during the '(-yenr period at Daggett
and the 5-year period at Palmdale is presented in Figure 6. The graphs
emphasize the predominance of winds less than 16 miles per hour and the
small percentage of winds greater than 32 miles per hour. They further
substantiate the greater frequency of strong winds during the spring
months and the more stable conditions existing during the sumner and
early winter months.

Incomplete wind records for Yuma, Arizona, are available for 19 of
the years between 1.907 and 1946. They show that the average monthly
velocity for those 19 years was about 6 miles per hour, and that the high-
est windspeed experienced was 40 miles per hour, occurring on 11 Yhy .907.

It is apparent from these data that the much-talked-of desert winds
of 60, 80, and 100 miles per hour simply do not exist. Winds in excess
of 50 miles per hour are extremely rare and probably occur only as gusts.
Winds in excess of 30 miles per hour can be exrected about I percent of
the tibie and those over 45 miles per hour only a small fraction of 1 per..
cent of the time.

5. Frequency of storms

The incidence of sand and dust storms is directly related to the
occurrence of winds of appreciable velocity. A wind must be over 30
miles per hour to create storms in the desert, in all areas except local-
ities in the lee of sand dunes and sandy areas. The frequency of strong
wind storms in most of the desert is certainly not more than 3 or 4 each
year and in most localities is only 1 or 2. For example, at Packvs Ranch,

11
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south of Mojave, the only dust storm mentioned in the records for 1949
occurred on 19 April. At the Naval Air Station at Mojave, during the
period 1 March 1943 to 31 December 1943, the airfield was closed only
once for a dust storm which occurred between 0600 and 0715 hours on 18
March. At Muroc, California, over a 10-year period, the mean number of
days with visibility less than 1 mile caused by blown sand or dust was
less than 0.4 of a day per month. Wind records maintained at the Edison
substation at Palmdale from 1948 to 1953 show that an average of 6 storms
occurred each year. In this case even very small amounts of dust were
noted and tabulated as dust storms so that the incidence may be exag-
gerated at this locality.

It should be remembered that in areas where the surface has been
highly disturbed by the activities of man, the frequency of sand and dust
storms increases sharply. The most comsnon way in which desert surfaces
are disturbed is by the preparation of land for cultivation and the sub-
sequent tillage. In this respect, interviews with several long-time res-
idents of the Imperial and Coachella Valleys indicated that sand and dust
storms were 10 to 15 times more numerous in the early days of large-scale
farming than they are now. In the higLLy-eultivated areas of the Colorado
Desert, 30 or more dust storms per year occurred during the first few
years of tillage. Today, however, with the adoption of many control prac-
tcels and with permanent crops on large acreages, the incidence is much
less, probably not more than 4 or 6 per year.

Another way in which the activities of man disturb desert surfaces
is warfare. During World War 1I when General Patton had his desert train-
ing camp in the Desert Center - Parker (Arizona) area, the surface of the
land was greatly disturbed by the building of temporary camps and roads
and the movement of tanks. The incidence of dust storms was several times
as great during this period and for a few years thereafter, due to these
disturbing effects.

In the Fort Hood area near Temple, Texas, maneuvering by tanks re-
sulted in huge clouds of dust being raised, The destruction of protective
vegetation, the pulverizing of the surface sediment, and the crumbling of
suarface crust permit the wind, which ordinarily would have little effect,
to pick up this riterial and to cause large dust storms. Similar effects
were noted in the vicinity of Yxma Test Station, where tanks and other
heavy equipment have destroyed original natural protective surfaces.

A comprehensive survey of dust storms In the western desert of
Egypt near Maryat has been made by Oliver (1945) with particular refer-
ence to their relationship to the war period of 1939-1.945. Such operations
as the locating of military establishments, roads, airfields,, trenches,

fortifications, the removal of vegetation for fuel, detonation of mine-
fields, bombing, and the pulverization of the surface by mechanical traction
led to an increase in the number of dust storms. Before the war years the

13



normal frequency of dust storms was 3 or 4 each year. During 1939, the
first year of the war, the number rose to 40; at the height of the war
activities in 1941 the number reached 51. As activities decreased during
the later years of the war and after, the number of dust storms decreased
to 20 in 1 9 42 increased to 26 the following year, and then dropped to
only 4 in 19U1 . Careful inspection of rainfall, humidity, and vegetation
records during these years leads to the conclusion that the increase in
dust storms and then the return to normal was a direct result. of military
activities.

6. Visibility

Reports of zero visibility during dust storms are common among
natives of the desert, but a close examination of existing records, to-
gether with the results of both personal interviews with qualified per-
sonnel and 1so personal observation, indicates that this is not so. At
the standard level of observation, visibility is seldom restricted to less
thau 10 feet during dust storms. In exceptionally severe storms, and for
short periods of time only, visibility may drop to 5 feet or less, but
such instances are very rare.

During dust storms the bulk of the material transported is within
the first 2 or 3 feet of the surface. In this limited zone, visibility
may approach zero, but to an individual who is walking or is in a vehicle,
visibilities are generally measurable in terms of tens or hundreds of
feet. For example, at a point north of Mojave it was estimated that vis-
ibility was reduced to I mile during the severe storm of 27 December
1953. During the Death Valley dust storm of 4 December 1953 visibility
was reduced to 300 feet for a short period. At Edwards Air Force Base
(Muroc, California) visibility averaged less than I mile during wind
storms on only 0.4 days per month over a 10-year period.

7. Other deserts of the world

The sand and dust storms in other deserts of the world differ from
those in the California deserts because of the greater abundance of loose
material available for transportation and because of the different char-
acter of the wind. It was estimated by Clements, et al (1957, p 107),
that the dune areas in the southwestern portion of the United States con-
stituto less than 1 percent of the surface area, whereas in the Sahara,
Libyan, and Arabian deserts they comprise approximately 25 percent of each
desert region. The much larger tracts of sand in the African and Asian
deserts greatly cnhance the possibility or sfandstorms, because critical
pick-up velocities are at a minimum in such areas. In addition, in the
Afric.an and Asian deserts, the winds are much more persistent and often
blow steadily in one direction for weeks or even months, while in the
California deserts the winds are intermittent and seldom blow steadily
for more than 2 or 3 days.
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a. Winds of other deserts

In the Egyptian desert a strong wind that blows from the south-
west is known as the Khamsin, which means literally the "wind of 50 con-
secutive days." In the eastern portion of the Iranian Desert a strong
wind called the Seistan or "wind of 120 days" blows in from the north.
In the Fgyptian Sudan the Haboub is a regularly-occurring and persistent
wind which causes severe dust storms chiefly between May and September.
Other portions of the African deserts suffer from winds that blow so
steadily and consistently that they too have been given special names.
These include the Shahali, the Sirocco, and the Harmattan, a hot, dry,
and dusty wind which blows out of thc Sahara. In the Arabian desert a
persistent wind called the Shamal blows from May through August. Wind
velocity charts prepared at Dhahran, Saudi Arabia (Kerr and Nigra, 1953,
p 1544) show for the Shamal a maximum windspeed of 36 miles per hour and
an average of 20 miles per hour.

b. Frequency and visibility

The greater abundance of loose material and the persistent and
regu~hvly-ocnwrrig wind produce a somewhat different sand and dust storm
picture from that found in the American deserts. A higher frequency of
sandstorms over a wider area produced by winds of lower velocity can be
predicted for the African and Asian deserts. Also, the persistence of
the winds during certain seasons of the year would tend to increase the
incidence and duration of storms.

In the Egyptian and eastern Libyan deserts, Oliver (1945, p 40)
noted that the average numfber of dust storms from 1934 to 1939 was 3 or
4 per year. Visibility during the storms generally was between 50 and 200
meters (about 165 and 660 feet) and only in the most severe storms was it
reduced to less than 50 meters (abcut 165 feet). The most violent storm
noted between 1939 and 1946 occurred on 14 March 1941 and affected most of
Egypt. At times visibility was restricted to only a few yards and in one
locality, Burg, Papt, the visibility was almost nil between 1100 and
1400 hours. By 1600 visibility had improved to about a quarter of a mile.

An experienced geologist who spent 2 years in the deserts of Morocco
and Tunisia reported that strong sand and dust storms occurred only 2 or
3 times each year. Minimum visibility noted during any such storm vas 8
to 10 feet. Another observer who had lived 40 years in the Colorado
Desert and who also spent 3 years in the African deserts during World War
iri, reported that the incidence of storms in the African deserts was much
greater than in the American deserts. While in Africa he experienced as
many as 20 duststorms per year, mostly mild storms. In the Sahara as a
whole, many raging storms have been reported, but the violence of the
storms and the velocity of the wind are frequently exaggerated, as is
often the case in oriental countries (Gautier, 1935, P 15).
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8. Effects of windblown sand and dust

a. Abrasive action

The wind, armed with an abundance of dry sand and dust, becomes
an important erosive agent in desert regions. Its abrasive effects on
natural objects and on equipment and materials taken into the desert are
well known in a general way, although there is little quantitative infor-
mation available on the subject. Strong evidence of the cutting action of
the wind is given in many places by rock surfaces exposed to sand-blasting
winds. Perhaps the most spectacular example of this type of wind abrasion
was observed by the author at Windy Point in the Coachella Valley area
where strong winds are forced through a narrow pass between the San
Bernardino and San Jacinto Mountains. Here, sand is picked up from a dry
wash and carried up and through a saddle in the crest of the spur, forming
a climbing dune on the west side and a falling dune on the southeast side.
Across the crest in the saddle, the softer metamorphic rocks have been re-
moved by the cutting action of the sand, leaving projecting parallel
ridges of granite. Great boulders of granite are grooved along the top
and sides, and the side facing the wind has horizontal pits up to 3 inches
deep (Fig. 7). Farther down on the windward slope are granite, gneiss,
and quartzite boulders as deeply grooved, and i•n s-mie cases pitted as
well.

Nt

Figure 7. Face of granite boulder on crest at Windy

Point deeply pitted by windblown sand.
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Objects brought into the desert are highly susceptible to abrasion
by vindblown sand. The cutting effects of sand are very conspicuous on
materials made of wood, such as telephone or telegraph poles, particu-
larly those situated in areas subject to unusually high winds (rig. 8).
Objects made of glass (such as automobile windshields) gradually lose
their transparency, first becoming pitted, then frosted, when exposed to
sand-blasting winds. The senior author had the windshield of his jeep
pitted during a sandstorm in Death Valley on 4 December 1953. During the
storm, wind velocities measured by a portable anemometer ranged from 27.8
to 32.1 miles per hour at 6 feet above the ground. The direction of the
wind was almost exactly opposite to that in which the jeep was travelling,
making the effective velocity about 75 miles per hour. Time of exposure
was approximately one hour.

Damage to automobiles is
not confined to glass; paint and
chrome also suffer. Chromium
plating generally is removed from
the front bumper, and paint re-
moved from the hood and exposed
parts of fenders, front and back.
Standing cars are not often dam-
aged by wind- driven sands, but in
very intense storms this may hap-
pen, and paint is stripped from
sides or back as though they had
been rubbed by a gigantic piece
of coarse sandpaper.

Since most automobiles
driven in the deserts of south-
western United States carry insur-
ance against wind damage, a severe
and widespread sandstorm can reach
disaster proportions for the in-
surance companies. As a result of
the stoi= of 27 December 1953, for
example, a single insurance com-
pany had 1,200 claims for wind
damage totalling $165,000. The

Sgzamount of the average claim was
~ ~ . *. .138. and the maximum siru-Ile claim

was .1,500. As a rule, most wind-
damage claims are made by travel-

Figure 8. Knots and harder grai--n lers passing through the desert.
stand out on sand-blasted base of Generally they will drive as long
telephone pole at Windy Point. as possible, regardless of the
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intensity of the storm, whereas residents of the desert wil, vpit out a
sandstorm, except in extreme emergencies.

Maint..nance and replacement costs for mechanical equipment used in

the desert generally run high. For example, a construction company oper-

ating near Parker Dam found that its Caterpillar tractors required new

piston rings about every 12 months, compared with an average of every 24

months in less dusty areas. IDuring World War IT, the tanks and vehicles
used by Goneral Patton's troops on maneuvers near Desert City had a higher

than usual rate of engine replacement due to abnormal cylinder wear. Even

aircraft are affected. Those operating from unpaved airstrips in desert
areas suffer from more rapid cylinder wear and higher rates of oil consump-
tion than normal. As for fixed equipment such as stationary engines, gen-
erators, compressors, pumps, machine tools, etc., they too suffer from the
abrasive effects of windblown sand and dust. Rings are worn, cylinders
scored, commutators scratched, and bearings damaged. Many innovation- and
preventive measures have been tried to reduce wear on engine parts and
mechanical equipment used in the desert. The following are in most common
practice: (1) use of air filters on all air intakes; (2) regular and fre-
quent cleaning of air filters, with replacement when necessary; (3) fre-
Zuent changing of oil in engines; (4) frequent pressure lubrications;

5) use of dustproof housings where practical; and (6) use of snorkel air
intakes.

b. Sand encroachment Rroblems

An important property of accumulations of sand is their inherent
ability to migrate. Such movement of sandy material results in encroach-
ment on and the partial or complete burial of roads, railroads, airstrips,
pipelines, buildings, cultivated areas, and fixed equipment of all types.
The control and prevention of sand encroachment is one of the basic tasks
which confronts man in any of his activities in desert regions. In the
area that was investigated, encroachment problems are relatively minor
compared to those in other desert areas of the world, but in a few local-
ities in the California deserts it presents a definite problem. Those
areas where encroachment and the abrasion that acccmpanies it have been
problems in the deserts of southwestern United States are shown in
Figure 9.

(1) Methods of migration of sand

Dunes and sand may encroach on installations in two manners:
(1) by the movement of dunes as entities, and (2) by the movement of sand
in sheets and streamers.

Dune movement. Sand dunes, particularly barchans, tend to migrate
as entities by removal of sand from the vindward slope and deposition of
sand on the leeward elope. As the surface grains roll over the crest of
the dune they come to rest on the slip or leeward face where they are
protected from the bombardment of grains moving in saltation over the

windward slope. Sand grains moving over the crest of a dune fall
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gently through the relatively quiet air inside the wind shadow that exists
to the lee of the crest. The surface is built up by these grains until
the angle of repose reaches 34 degrees, then the face of the dune suddenly
shears under the influence of gravity and a small avalanche results (Fig.
10). In this manner a sand dune migrates downwind.

The observation post in the Death Valley dune area made an excellent
reference point for observing movement of dunes as entities. Here, the
prevailing northwesterly winds funneling down the valley meet Tucki
Mountain, which Zuts into the depression from the west. This partial ob-
SLrucLion causes the winds to zeay and lose velocity, thus bringing about

deposition and the forAtion of dunes (Fig. Il).

Our observation post was set up on 7 March 1953 in the eastern part
of the dune area, 24J0 feet in from the edge of the dunes. It was placed
on a clay surface from which the wind had removed the sand, affording a
firm base into which the pegs holding the guy wires could be driven.
There was no appreciable amount of sand within 20 feet of the post,
although theretwere dunes all around. Three sand traps made of beer cans
with tops removed were nailed to the post with their tops at 2, 5, and 7
feet, respectively, above the ground. The post faced northwest into the
prevailing winds (Fig. 12).

44 4

Figure 10. Shear bands on slip face of falling dune

in the Pinto Mountaixts.
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Figure 11. Complex dunes in Death Valley.

IL

ti's

Figure 12. Observation post in Death Valley
dunes, 7 March 1953.

21



The post was first visited one month later, on 3 April. At that
time the southeast and southwest guy-wire stakes were just covered with
sand, indicating encroachment from the south. There was some sand in
the lowest sand trap, and a very small amount in the one at 5 feet.

The next visit was made more than 2 months later on 17 June. Sand
had continued to drift from the south, forming a small barchan, one end
of which buried the southeast stake to a depth of 18 inches. The south-
west stake was also covered, and sand had moved to the northeast stake.
This small dune was beginning to show a concavity to the northwest.

By 16 July the advancing toe of the barchan had reached the post
itself, just covering the base. The southeast guy-wire stake was covered
to a depth of 2 feet and the southwest stake to approximately 1 foot.
The northeast stake was just coverqd.

A month later, on 19 August, the sand had buried the base of the
post itself, reaching to the bottom of the lowest can. The height at
this point was 1 fooa., 7 inches above the original surface. All guy-wire
stakes were covered to depths from 6 inches to 2½ feet. The lowest sand
trap was half full of sand.

On 2T September the barchan showed still further movement to the
nnirt~h The high part of the dune was southwest of the post, which was in
a shallow trough. At the post itself, the sand came to the bottom of the
lowest can, but at the crest the dune was 3½ feet above the underlying
clay surface. B LhIs Lime the crescent shape of the dune was well devel-
oped, with the horns of the crescent advanced about 20 feet past the post
to the northwest (Fig. 13).

When visited a month later, on 24 October, the dune showed a surpris-
ing changc. It had reversed itself completely and was now facing south-
east (Fig. 14). The actual position of the main mass of sand had not
changed greatly, except that the crescent tips now reached out to the
southeast of the Dost. The post itself was buried to the top of the low-
est can. All 3 cans contained sand, but the highest was now only 5 feet
above the sand surface. Between 24i October and 15 November Vnen the next
visit was made, little change took place in the position of the dune.

on 4 December there was a strong vindstorm in Death Valley with
measured velocities up to 32 miles per hour. When the post was visited on
6 December, the whole dune had moved, back to the south, uncovering the
post and all but the southeast guy-wire stake (Fig. 15). The main mass of
sand was not as far removed from the post as it had been in April, but a
full cycle of migration had been completed.

That the cycle was beginning again was indicated when the post was
next observed on 26 February. The dune had started a second migration to
the northwest; 2 of the guy-wire stakes were again covered, and sand had
buried the base of the post to a depth of 7 inches.
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Fi-re 13 Encroaching send hts developod barchsn shape,
concave to the northwest, 27 September 1953.

, ..Aft- ••._A

Figuire 14. The barchan encroaching on the observation
post in the Death Valley dunes has com-
pletely reversed itself, and is now conrave
to the southeast, 24 October 1958.
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Figure 15. Dune that partially buried observwtion post
in the Death Valley dunes has rotreatcd to
the southeast, uncovering the post and all
but one of the guy-wire stakes, 6 December 1953.

In the 7-month period from March to October, there was mass move-
ment of the dune, from southwest to northeast, of alproximately 40 feet.
From October to December, barely 2 months, the dune moved perhaps 30 feet
in the reverse direction, from northwest to southeast. On the basis of
these observations it would appear that the prevailing wind is from the
southeast during most of the year, but during the much shorter period in
winter when northwesterly winds prevail, velocities are much higher.

Sheet migration. Accumulations of sand in thin sheets also cause
encroachment problems. If the ground surface contains obstructions such
as pipelines, buildings, or similar installations, or if there is an
abrupt change of surface slope, as in the case of a railway roadbed or a
road cut, sand grains that are moving by surface creep are held up while
those carried by saltation pass on. Materials thus deposited will grad-
ually drift across the road or railroad during succeeding storms and may
encroach upon and partially bury fIxed equipment.

(2) Encroachment on railroads

Sand encroachment on railroads in the California deserts
presents problems in 3 principal areas: the Devil's Playground area,



the Cadiz-Bristol region, and along the small line which the United States
Gypsum Ccpny maintains between its factory at Plaster City and the

ypsum mine. This latter area was visited and investigated in some detail
and is used as a typical example of encroachment on railroads.

This small spur line runs roughly northwest from Plaster City for a
distance of about 22 miles. The main area of sand encroachment is between
Mile Ii and Mile 16, measured from Plaster City. The area is covered with
longitudinal dunes 1 to 3 feet in height. After storms, sand often covers
intermittent stretches of track 20 to 50 feet in length and may bury the
track to a depth of 2 or 3 feet. In addition to covering the tracks, the
sand has the following adverse effects: (1) it mixes with the track bal-
last and undercuts the edges of the roadbed, necessitating much more
maintenance than is usually normal, (2) it fills in the culverts, leading
to washouts during iminstonra, (3) it backs up along loading docks, hin-
dering operations, and (4) it is believed to increase the rate of wear on
moving parts of railroad equipment.

The movement of sand in the Plaster City area is seasonal. During
winter the sand moves out of the west from Carrizo Wash towards the
Superstition Mountains. During late spring and early summer the winds blow
in the opposite direction and sand movement is from the Superstition
Mountains across the tracks toward Carrizo Wash. The sand encroachment
problem is worst during the months from February through May.

Several control measures are practiced in this region. The primary
controls consist of shovelling sand off the track, clearing out culverts,
and constantly adding ballast to the roadbed. Figure 16 shows a stretch
ot track only 2 months after the track and an adjoining 10-foot strip had
been cleared of sand. Control by removal is an endless and expensive
process, so in recent years a spreader has been dragged over the dune areas.
After the sand has been smoothed in this way it takes about a year for the
dunes to reform and reinitiate encroachment. At the time the area was
visited the feasibility of installing sand fences was being contemplated.

(3) Encroachment on roads

Sand encroachment on roads not only is a hazard to driving,
but also represents a real threat of damage to vehicles by abrasion. The
3 areas where sand encroachment on paved roads is most intense are: (1)
on U.S. Highway 80 where it passes through the Yuma Sand Hills, (2) along
U.S. Highways 91 and 66 bordering the Mojave River, principally between
Barstow and Baker, and Barstow and Needles, and (3) on the highways in the
Banning-Indio region. in the encroachment areas small auats pile up along
the edge of the road or may bank along one side of the road, partially
covering it. During storms, vehicles using the road are often damaged by
thin streamers of sand being blown across the road.
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On some of the secondary roads of the desert, ssnd encroachment is
much more intense. Typical of this type of unpaved road are: the road
between Rice and Cadiz, those roads in the area of the Devil' Playground,
and some of the roads in Death Valley. They are mainly "travel at your
own risk" roads, use of which should be attempted as a rule only by jeep
or other 4-wheel-drive vehicles. These dirt roads are genenLlly passable
to ordinary vehicles after rains, when the sand is well packed and still
moist, and may be passable for a month or two after they have been graded.
Accumulations of drifting sand not only pose the ever-present problem of
becoming stuck on these roads, but in some instances may completely block
a road or may cover certain stretches so thoroughly that the road can
hardly be distinguished from the surrounding terrain.

(4) Encroachment on cultivated areas

Cultivated areas in desert regions are in constant danger
of being covered by migrating sand. Irrigation channels may be filled,
young tender plants may be sand-blasted and broken, mature plants may be
broken and deformed, fruits may be damaged, and hot, dust-laden winds may
cause wilting and scorching. With the advent of intensive cultivation in
the Voanhella. Tmrmpri l ; nn PP Ie VeTr'e ViLeIAy of the Colorado Desert Of
California, many unusual practices have been resorted to in order to pro-
tect plants and crops. These practices are discussed in some detail later
in the report.

(5) Encroachment on fixed equipment

In the Yuma Sand Hills, telephone poles can be seen that
rise only 5 or 10 feet above the level of the sand. These pole* have been
partially engulfed by dune sandst. As encroachment proceeds, a new pole is
sometimes attached to the nearly buried original pole (Fig. 17). In other
areas buildings and walls are simetimes seen with a thick blanket of sand
banked up on the windward side of the structure.

Some of the most troublesome experiences with dune encroachment en-
countered anywhere were those of the Arabian-American Oil Company during
operations in baudi Arabia in the Abqaiq, Ras Tanurm, ana Dhahran districts.

Their problems included encroachment on roads, drilling rigs, producing
oil wells, tank farms, pipe and power lines, and villages and camps.

The laying of pipes presented an especially difficult situation.
Generally the pipes are laid at shallow depths since it is desirable (for
maintenance and inspection) to prevent the lines from becoming too deeply
buried. Scour, on the other hand, frequently results in hundreds of feet
of pipe being undermined, and in some cases the pipe hangs from its sup-
ports rather than being supported by them. in some cases unsupported
lines are laid no that they follow the topography of the dunes. If the
dunes migrate from under the pipes in originally high places, they are
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Figure 16, Onl y two monnthý bavinsa been cleared,
a stretch of tn '-'et~reen 13 and 14 miles
from Plaster Cit3 1., again being buried by
sand.

k'A

Figure 17. Combatting exnercaclanient of sand on telephone
poles by ottachaing new pole to nearly buried
original pole.
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left behind looping high in the air. These unsupported loops soon fall

over sidevays, causing torsion in the lines.

c. Control of encroachment

Many different methods have been tried in controlling movement
of wind-blown sand. The most important include direct removal, planting,
windbrais and hege•ov•, m-_qvig fenc!ngu, ¶• • nolin oil stabilization,
agricultural methods, and site selection. Each of these is discussed
below.

Direct removal. The most direct method of controlling sand move-
ment is to remove the offending material. Hand shovelling, draglines,
bulldozers, scrapers, clam-shell bucket cranes, and belt conveyors may
be used to remove the sand. Removal is an expensive and almost continu-
ous process, however, and at best is only a temporary solution. For very
small accumulations, such as occur along roads and portions of railroads,
it might be adequate, but in most cases it is a temporary expedient to be
used only while more permanent methods are being considered or instali.ed.

Planting. Plants gravng on dunes tend to stabilize the dune and
prevent further migration. Planting may be done with seeds or cuttings
and by transplanting vegetation that has already sprouted. Herbs and
grass as well as shrubs and trees may be used. It is sometimes difficult
to get plant growth started in sand, so that it is almost always neces-
sary to irrigate for a -ear or two. Many plants are used to control mi-
gration but some of the most successful are: ice plant, desert croton,
European beach grass (Ammophila arenaria), arundo, and oleander. It is
suggested that several of the plants native to the dune areas of Califor-
nia, such as Indian rice (Oryzopsis hymenoides) and mesquite (Prasopis
juliflora var. glandulosa), might also be useful if planted in large
quantities. If a good plant cover can be established, this method might
be very effective, but the scare.ity of water in arid regions, together
with the constant care that is required, usually obviates the attempt.

Windbreaks and hedgerows. Various types of windbreaks and hedgerows
are used extensively in cultivated areas to protect crops. Rows of fast-
growing shrubs are placed along the edges of cultivated tracts, particu-
larly on the windvard side (Fig. 18). Some of the best plants for this
purpose are: eucalyptus, tamarisk or athol, desert croton, date palm,
arundo, and oleander.

Windbreaks are effective in controlling sand encroachment because
they destroy the smooth flow of air across the land surface and because

they tend to trap moving sand around their bases. In most cases they are
useful in long-range programs only because of the length of time required
for the plants to reach maturity.
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Figure 18. Row of young tamarisk treeR ,uep an• a wind-

break for a date palm grove, Coachella Valley.

Pvin. One of the most effective methods of control is paving the
sandy area. Paving may be done with gravel or pebbles, with c -ete or
macadam, or as is most conimon, with crde oi1. In Arabia, Kerr and Nigra
(1952, p 1156) cite the uve of such readily available materials as salt-
anl-gypsum encrusted sand, Sypsiferous narl, water-tamped calcareous
clays, and thc saline crust of piayas.

Paving a sandy area provides a smooth surface for windblown sand to
bounce across and be transported to less critical areas. Oiling has been
successfully used in California to prevent encroachment on roads, espe-
cially along road cuts and in zones where there is a definite change in
slope. It has also been applied around the bases of telephone poles in
the Yuma dunes (Fig. 19) to prevent encroachment. By piling sand around
the bases of the poles and then treating with crude oil, the effects of
undercutting and abrasion are generally avoided. Oil treatment of sand
was used with great success along the Saudi Arabia RailrosA, and has been
used extensively in the oil fields of the Middle East. A high-gravity
penetrating oil, preferably with a hibh wax content, applied in sufficient
quantity to penetrate to a depth of at. least 6 inches gives best results
and can withstand fairly constant travel.

Constant wetting of a dune, though not a type of paving, will tem-
porarily control dune migration. In addition to the cohesive effects
obtained by vetting, the water used generally contains alkali and other
salts and in time will build up a surface crust which aids in the control
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Figure 19. Pole protected from encroachment by oiling
of sand around base, Yuma dunes.

af sand movement. Wetting of a dune gives immediate relief, but is effec-
tive only as lung as the sand is kept ,iiost or until an unbroken salt
crust has developed. The scarcity of water and the expense of keeping
the sand moist excludes this method from serious consideration in most
instances.

Fencing. Another type of control used a great deal is the instal-
lation of sand fences (Fig. 20). These fences are similar to snow fences
and are generally constructed from laths, palm fronds, or board slats,
solidly wired together and secured to supports. They are placed in the
path of the encron;.hilu sand, causing deposition to take place against
the fence.

Panelling. Panelling involves the installation of wooden walls or
panels to divert the wind and thus protect a valuable and permanent in-
stvallation. They have also been used to protect buildings by installing
them on the windward side where windborne sediment accumulates against
the panel rather than against the building. Panels have also been used
directly on a dune to produce turbulence and thus destroy the streamlined
form of the dune. In this manner the rate of dune movement is greatly
reduced, although it is never entirely stopped. Consequently, it is
frequently necessary to move or enlarge the panels, a relatively expensive
operation. Hence, this method has generally proved to be impractical, and
is useful only to protect very limited zones for a short period of time.
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Figure 20. Use of sand fences to control encroachment
of wlnd-blown sand.

Oil stabilization. Oil stabilization is an important method of dune
control. This method is differentiated from paving with oil in the re-
sults desired. The purpose of paving is to aid the migration of material
so as to prevent its gathering at a specific site. The smooth surface
provided, whether by oil or other substancen; enables encroaching sand to
move by saltation past a location that must be kept clear. Oil stabiliza-
tion,, on the ..th., ihnd, either imnobiiizes a dune or contributes to the
dune's self-destruction.

To stabilize a dune the entire windward face is treated with a high-
gravity penetrating oil. This treatment fixes the dune and prevents fur-
ther migration. Sand added during later storms will be trapped behind the
stabilized dune and will continue to be trapped until the dune eventually
reaches a new streamlined profile. When such a stable condition has been
reached, the dune will again begin to migrate and further treatment of oil
is required.

Dune destruction by oiling Is accomplished by treating either the
center or the horns of a dune. This allows the untreated portionti of the
dune to break loose from the stabilized section and re-form down-rind in a
series of much smaller dunes. These in turn can be treated with oil and

destroyed.
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Agricultural methods. In cultivated areas there is danger not only

of sand encroachment but also of severe dust storms caused by the breaking
up of the surface crust. Inasmuch as many military activities disturb the
ground surface in the same way that cultivation does, some of the agricul-
tural controls that are applied should be of interest from a military
standpoint.

By irrigating soil before plowing, it is often possible to form
slick clods which lie on the surface and are capable of resisting wind
for a considerable period. This practice, known as vet-clod cultivation,
has been used to a considerable degree in recent years in the desert areas
of California. Deep-furrow tillage Is another method of controlling sand
and dust in cultivated areas. Deep furrows are plowed into the fields and
the crops are planted in the deepest portions of the furrows. The furrows
are made at right angles to the prevailing winds and the rough surface
that is formed is more resistant to wind erosion than the usual smooth sur-
face. Trashy surfaces on a field are also effective. Corn stalks, cotton
stalks, straw and other similar crop residues are left on the surface of

fields instead of being turned under. Other agricultural methods include
planting cereal cover crops between rows of other plants, and planting
gra~s and cereal strips to provide protection for anxual crops which will
be planted later.

Site selection. intelligent site selection, though not an actual
control practice, is the best means of avoiding extreme sand encroachment
and the effects of windblown material. Results obtained at various obser-
vation posts during the present study show that the intensity of sand abra-
sion and sand movement is directly related to the type of desert surface.
Alluvial fans, desert flats, volcanic areas, playas, and surfaces covered
with desert pavement are much less subject to wind erosion than areas bor.-
dering large dry washes, active dune areas, and sandy notches on mountroin
flanks.

d. Sanitation and housekeeping problems

In areas of periodic duststorms, infiltration of dust into inte-

rior spaces creates problems of sanitation and housekeeping.

Sanitation. A problem of sanitation that must be contended with is
the contamination of drinking water and food. In the desert, where water
is so vital, it is particularly necessary to insure that all water supplies
are adequately and carefully protected from unexpected windblown material.
Reports of inexperienced desert travellers having their water muddied by
sudden wind flurries are all too common. It is not unusual to hear of
silt and dust working their way into canvas water bags, with the result
that the water becomes unpalatable. Gimilarly, It is essential to keep
foods covered and well wrapped at all times to prevent contamination by
windblown material.
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Housekeepin. The infiltration of grit and dust makes good housekeep-
ing difficult. In certain portions of the Imperial and Coachella Valleys
of California, it was found that in new houses equipped with storm doors
and specially-sealed windows, very fine-grained dust persisted in working
its way through the most minute openings and into the house. This ability
of fine-grained material to enter buildings poses many problems for the
military. The storage of bearings, gears, delicate aircraft instruments,
electric equipment, etc., requires the exclusion of foreign material of
all sizes.

A telephone company near Thermal, California, found that in some of
its relay rooms dust would sift into spaces between the relay contacts and
prevent or hinder their operation. The same company experienced excessive
abrasion of some switches. The damage was so severe that the compezy was
forced to carefully seal the rooms and to install new air-conditioning and
filtration equipment to combat the dust.

Controls. The infiltration of dust can be controlled to a substantial
degree by the installation of dust-preventive equilpment and the practice
of regular and frequent maintenance. Perhaps the most common practice is
to install adequaLt aa- yndiii nuni and Lo make mker et.at Lhe
filters are regularly cleaned and replaced. In critical buildings an outer
storm door should be installed and weather stripping used around all possi-
ble entrances. Even with these precautions it is likely that some dust
will work its way into the building.

e. Electrostatic effects

It has long been known that the impact of windblown particles
produces large electrostatic voltages. During the dust-bowl condition of
the mid-thirtiee in the Great Plains area of the United States, Choun
(1936) and Sidowell (1938) reported that ignition systems of some autuomo-
biles would not operate during dutit storms unless the frame was grounded
by a wire or chain. Bear Lubbock, Texas, one utility company reported
that insulators, transformers, and lightning arrestors often broke down
during a sandstorm even though no lightning discharge had occurred. In
Saudi Arabia electrostatic charges of as much as 150,000 volts have made
telephone and telegraph commi.Lications of a railroad inoperable during
sandstorms.

Heavy electrostatic charges are sometimes dangerous or demoralizing
to personnel. One telephone company official reported that during a sand-
storm in the Imperial Valley of California electrostatic voltages high
enough to knock a man down were built up on a bare wire that was being
laid. While not usually dangerous, electrostatic charges are generally
annoying to personnel, and make them reluctant to handle electrical
equipment.



Other phenomena perhaps attributable to electrostatic charges are

the shearing off of green wheat at the ground level and the stripping of
needles from conifers such as fir and spruce. Ball (1927) has made some
interestirg ccements on the effects of electrostatic charges on sand
pick-up and deposition. He suggests that sand carried into the upper
atmosphere assunes a charge by conduction equal to 100 volts per meter of
height. He further believes that the gathering of sand into elongated
dunes is the result of electrostatic attraction, the attractive force be-
coming strong only when the travelling sand grains are within a few milli-
meters of the dune surface. He also suggests tat, movement of charged
grains may be started in part by their dancing upward because of electro-
static attraction.

The effects of electrostatic charges produced by the friction of duet
and sand particles during storms can be avoided by adequately grounding
equipment with a wire or piece of metal chain and by thoroughly shielding
the electrical systems of such equipment. Men working with wires and with
electrical equipment should wear insulated gloves and use insulated tools.
Prccautions that normally are taken when dealing with live wirc of rela-

tively low voltage should also be practiced.
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SECTION II. CRITICAL WIND VELOCITIES

1. Previous studies

The most comprehensive work in determining the relationship between
w-bd velocity and the movement of sediment of different particle size has
been done by Bagnold (1931, 1941). His research was performed principally
in the laboratory above smooth surfaces and with incoherent sand in a very
limited range of sizes. The results of his work are sunmarized in Figlre
21. This graph is adapted from his work and that of Garrels (1951) who
made certain modifications.

A few words of explanation are necessary to understand the graph.
The "fluid threshold" is defined as the wind velocity at which sand move-
ment is initiated as a result of wind pressure alone, while the "impact
threshold" is the windspeed required to: (1) bounce rolling grains into
the air, and (2) upon their descent downirind, to knock other grains into
the air by impact, the impinging grains generplly rebounding into the air
themselves. It should be noted that the ordinate of the graph is not a
measurement of wind velocity. It is a measure of wind gradient Vt, whose
threshold value varies di"1rectly with the squ2are root of grain dia1eter.
Higher wind gradients therefore are required to transport grains of in-
crcasing size. Similarly, the vindspeed necessary to initiate particle
movement increases vith increasing grain size, and the graph can therefore
be roughly applied to the problem of pick-up velocities.

With this in nind, the graph shows that the velocity at which a par-
ticle of a given diameter will be moved in saltation (by impact) is less
than that at which it will be moved in suspension, with the exception of
partluies less than 0.1 cm., in diameter. This relationship is indicated
by the dashed portion of the curve, which shows a sharp increase in veloc-
ity for the very small grain sizes. Surfaces formed by the accumulation
of small-grained materials are smooth, and the drag of the wind is dis-
tributed evenly over them. On smooth surfaces the individual grains arc
too small to form wind eddies of their own, as is the case with the larger
grains of a rough surface. Lagnold (1937), using a layer of loose
Portland cement powder, found it impossible to set the paxticles into
motion with a wind velocity of 50 miles per hour.

The graph can also be used to trace the reaction of sand grains to
varying wind gradients. For example, grains of 0.4 mi will be carried
off and erosion will take place at wind gradients of 31 or more cm per
second. At gradients between 23 and 31 cm per second, grains of thin
diameter will move only by saltation, and at gradients below 23 cm per
second they will be deposited, if already in motion. The upper limit of
sediment movement by the wind, as indicated by the graph, is slightly
greater than 1.6 mm. However, the graph does not show wind gradients
higher than 50 cm per second.
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Figure 21. Relationship between grain size, wind gradient. fluid and impact
thresholds and the transportation, erosion, andr deposl.tion by
the wind.
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2. Critical velocities by grain size

Originally it was intended to develop a graph showing critical pick-
up velocities in miles per hour for sediment grains with diameters from
0.1 mn to 2 m. As the investign±.1or proceeded it was soon realized that
such a graph would be practically meaningless. if a dune sand were sieved
and the velocities at which the various size groups were set in motion
then determined, any set of values derived from this information would
apply only for a very limited set of conditions, most of which do not
exist in nature.

Some of the variables that affect the pick-up velocity of sand grains
are: surface irregularities, the gustiness of the wind, the degree of
rounding of the sand grains, the degree of sorting existing in the surface
materials, the amount of moisture present, the dimensions of the surface
over which the wind blows, the degree of coherency of the surface material,
the type of movement that takes place (whether creep, saltation, or sus-
pension), and to some extent the height above the surface at which the wind
velocity is recorded. Thus a single nurve showing the relationship between
pick-up velocities and grain size has little true value and even less
application to field conditions.

However, from work performed in the field and from work of previouse
investigators, some useful generalizations can be made. These are: (1)
grains greater than 2 mm in diameter -ill. not be set in motion by winds
less than 50 miles per hour, and it is exceptional when grains as large
as 4 = in diameter are moved, (2) as the grain diameter decreases below
0.08 mm, the velocity required to move these fine grains increases
sharply and when the grains are in the fine silt und clay range ( 2 microns
and less) they are not moved by winds in excess of 50 miles per hour, (3)
grains whose diameter is 0.20 mm will. be moved at wind velocities as low
as 11 miles per hour, (4) sand grains between 0.08 ram and 1 nmm will gener-
ally be transported under the influence of winds whose velocity is between
]. and 30 miles per hour, and (5) sand grains of I nma to 2 mm in diameter
will be transported at velocities of 35 to 45 miles per hour under ideal
conditions.

3. CrItical velocities on surface tyues

a. General

In order to obtain sufficiently accurate velocity control for de-
termining threshold pick-up velocities over various types of natural desert
surfaces, a blower was constructed and transported to the field. The
blower was turned by a pulley arrangement and a variable speed motor which
made it possible to obtain a range of wind velocities between 9 and 35
miles per hour. The duct leading from the blower consisted of 3 detach-
able sections so that the entire machine could be transported into the
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desert and then carried to the selected site. Wind velocities produced
were measured by a portable anemometer and a portable manometer. The
manometer was designed and constructed to measure simultaneous velocities
at several different levels. It is similar to the type commonly used in
wind tunnels and consists of pitot-static tubes connected by rubber tubing
to glass tubes of variable inclinations.

In using the blower, the motor was first set to produce a windspeed
of approxir"mtely 10 miles per hour; thereafter speeds were increased in
3-mile-per-hour increments to the maximum speed possible (about 35 mph).
As soon as movement above the surface was noted, samples of the trans-
ported terial were collected by holding sample bags 10 inches from the
end of the duct. These samples were then brought to the laboratory and
analyzed for maximum, minimum, and median diameters, and histograms show-
ing size distribution were drawn. The portable blower was used on 6 dif-
ferent types of desert surfaces, namely: sand dunes, desert flat, dry
wash, desert pavement, alluvial fan, and playa. Each of these is dis-
cussed below. The locations of the velocity test sites are shown in
Figure 22.

b. Sand dunes

The sand dune area selected for velocity testing is located
about 2 miles northeast of the town of Twentynine Palms. The dunes con-
sist of transverse ridges averaging 3 to 5 feet in height. The crests of
many of the dunes are fixed by vegetation. The material of which these
dunes are composed is quartz sand, mostly between 1/4 and 1/8 irim in diam-
eter (fine sand). The blower was placed on the leeward slope of a large
transverse dune which rose about 4 feet above the general terrain, and
was run at speeds to produce velocities of 10.•, 13.0, 16.4, 20.6, 25.6,
30.0, and 35.1 miles per hour. At a velocity of 10.6 miles per hour a
few grains on thu surface between 1/8 and 1/16 mm in diameter began to
move by surface creep. At 13.0 miles per hour grains began to move by
saltation and some very fine material was carried in suspension. The
median diameter of the grains moving at this speed was 0.175 mm. As the
velocity was increased, more and more material was moved and the grain
size of the material transported increased proportionately. At 25.6 miles
per hour the median diameter of the material being transported was 0.19
mm; at 30 and 35 miles per hour the median diameter had levelled off at
0.20 mm. The critical pick-up velocity on a sand dune where the grains
consist of fine sand is about 13 miles per hour, and fine and very fine
sand will move by creep at a velocity as low as 10 miles per hour. Fig-
ure 23 shows the wind machine in operation at the Twentynine Palms dunes
at a velocity of 30 miles per hour. The large q.•mntity of material being
transported is clearly apparent and it is interesting to observe that the
greater amount of material is befing moved within the first inch or two
above the dune surface.
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Figure 23. Blower in operation on dunes in the vicinity
of Twentynine Palms. The velocity at the
time photograph was made was 30 mph.

c. Desert flat

Critical pick-up velocities over a desert flat surface were tested
in an area adjoining the Kramer observation post. At a velocity of 14.5
miles per hour there ims no movement of dust or sand, When the blower pro-
duced a wind of 18.1 miles per hour there was minor movement of dust-size
material in the form of a series of very small eddies. * 1o creep or saltation
took place at this velocity. At 20.0 miles per hour a very Uimited niunber of
grains of sand size began to move, largely by creep and a few by saltation.
The first important movement took place at a velocity of 25.4 miles per hour.
Six percent of the material moved ias between 1 and 2 mm (very coarse sand),
and 63 percent of the material was less than 1 m in diameter and greater
than 1/16 =e in diameter, that is, within the fine-to-coarse sand range.
Only 4 percent of the material moved was silt size, betveen 1/8 and 1/256
nm in diameter. The median diameter of the material transported at this
velocity was 0,30 mm.

When velocity was increased to the maximum possible (35.h miles per
hour). there was a pronounced increase in the quantity of sediment being
transported. The amount of very coarse sand that was being moved in-
creased to 21.6 per cent and the amount of silt increased to 7.6 porccnt.
At this higher velocity about 10 percent of the material being carried
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off was in the form of clay and silt curls or chips which were torn loose
fro the crusted surface of the valley flats. It might be expected that
with the increased distance of transportation these curls would break down
into their component parts and give rise to even more suspended particles.
The bulk of the material transported at the lowest speed was transported
by surface creep. At 25.4 miles per hour the majority of the material was
being carried in saltation; at 35.4 miles per hour saltation effects were
still dominant, but the amount of suspended material had increased consid-
erably.

d. Dry wash

The Mojave River is one of the major drainage channels in the
Mojave Desert. This river is dry most of the year and along its course
there is an abundant source of sand. The region along the Mojave River to
the east of Barstow is one of the areas of most pronounced sand abrasion
and sand encroachment in the deserts of southwestern United States. Con-
sequently, a site within the Mojave wash at a point about 2 mile north-
northeast of the town of Tsggett was selected for testing pick-up velocities
within a dry wash. A view of the blower operation at the Daggett site is
shown in Figure 24. The dry wash at this locality is about 200 yards in
width. The sand in the river bottom bhs a median diameter of 0.61 m=, i.e.,
in the size range of coarse sand. Of the total, 6.5 percent was very coa.se
sand, 47.4 percent coarse sand, and 43.4 percent medium sand.

Figure 24. Blower in operation in the Mojave River
dry wash near Daggett.



First movement of surface material was recorded at a velocity of
18.4 miles per hour when minor surface creep of the finer grains occurred,
along with surface creep of small clay curbs hlich were mixed with the
surface layer of sand. The median diameter of the material moved at this
velocity was 0.295 mm, and represented the finer portion of the source
material. At 21.9 miles per hour pronounced movement by saltation took
place; the grains being transported had a median diameter of 0.48 =a. No
material in the coarse or very coarse sand groups was moved at this
velocity.

When a velocity of 24.7 miles per hour was attained, about 1 percent
of the material moved vwa between I and 2 = (very coarse sand), and the
remainder was largely in the medium and fine sand divisions, the median
grain diameter having increased to 0.44 mm. At 29.5 miles per hour the
median diameter had increased to 0.47 mm; at this speed 12 percent of the
material was coarse sand, although the bulk remained in the 1/8 to 1/4 mm
size group. The critical pick-up velocity for movement along a dry wash
where there is abundant material in the medium and coarse-size group is
about 22 miles per hour, although creep may be initiated at lower speeds.

e. Desert pavement

On the alluvial fans bordering the flanks of the Marble Mountains
and about a mile north of Cadiz Station is an area of A-Seer pavementin
the process of development. This area was used for the test because it
was believed that in an area of maturely-developed pavement no results
could be obtained, inasmuch as the finer material would have long before
been removed. Pavement that is maturely developed has an armor of mater-
ial on the order of 30 to 80 ma in diameter %rhich, of course, could not
be transported by the wind. At the Marble Mountain site sufficient fine-
grained material remained to give an indication of -the velocities neces-
sary to transport it.

The surface material at the Marble Mountain pavement was made up of
granules 2 to 4 mm in diameter, very coarse sand, I to 2 mm in diameter,
and between these larger particles, considerable quantities of finer sand
and some silt. No movement of any sort was observed until a velocity of
19.4 miles per hour had been reached. At this speed no material greater
than 0.5 mm in diameter was moved and 77.8 percent of the material being
transported was between 0.5 and 0.125 m in diameter. When the speed was
increased, the larger particles begun to move, and at 20.3 miles per hour
1.5 percent of the material was between 1 and mmn in diameter; by 33
miles per hour 1 percent of the material was very coarre sand (1 to 2 mm).
At this maximum speed 67 percent of the material was bl.tween 1/4 and 1/8
mm. The larger granule-size material was not affected. This process
showed the manner In which well- developed pavements are formed, The
finer material is removed and the coarse is left behind in the form of
lag gravel; this eventually forms a smooth mosaic which protects the
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underlying material from further rind erosion. The critical pick-up

velocity on a surface of partially-forned desert pavement proved to be
approximately 19 miles per hour.

f. Alluvial fan

The elluvial fan used for the critical pick-up velocity test is

located on the southern flank of the Sheen Hole Motntaina about 3 milec
north of Dale Dry Lake. The surface of the fan is ccmposed of material

mostly in the coarse sand and granule-size groups. Occasional cobbles

and boulders are also found on the surface. Nixed with the coarse sand

are minor amounts of finer material, almost all of which is in the medium

and fine sand groups. A view of the Sheep Hole fan with the blower in

place is shown in Figure 25.

It is important to note that the surface of the fan had a pronounced
crust. In and beneath the crust, which is not easily broken, there is

abundant material which could be transported by the wind, but, since
much of it is more-or less cemented to the coarser material in the crust,
the possibilities of tr-nsportation by the wind are greatly reduceil. At

the blower speed was gradually increased from an initial velocity of 20

miles per hour to 30 miles per hour, no movement took place. Movement of

surface material was first noted at a velocity of 33.4 miles per hour
when particles whose median diameter was 0.137 mm were transported. O.ly
a very small amount of sediment was recovered at this velocity. At a max-
imum blower speed of 35.7 miles per hour, the amount of material recovered

increased slightly and the median diameter increased to a value of 0.14 mm.
The largest grains recovered had a diameter of 1.3 m= while the smallest
were 0.008 mm, silt size.

The critical pick-up velocity for alluvial fans with a thin surface

crust is approximately 33 miles per hour. On alluvial fans which do not

possess such a crust, or where recent sedimentation has contributed an

abundant source of loose fine material to the surface, the critical veloc-

ity would be considerably less. It is estimated that the critical veloc-.

ity under these conditions would be on the order of 20 miles per hour.

g. ri2Za

The Bristol playa was chosen for testing critical pick-up veloc-

ities on a dry lake surface. The surface at Bristol consists of a defin.-

ite crust made up largely of salts, clc, and silt. Adhering to the nrust

and mixed into the material beneath the crust were sand-size particles

which made up about 6 percent of the sediment. The median diameter of the

material in the sand-size particles was 0.24 mm. The crusted surface of

the plays with the blower in operation is shown in Figure 26.
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Figure 25. Blower in place on alluvial fan on The
southern flank of the Sheep Hole Mountains.

• .1. - . . ' " • : .

FIgure 26. Portable bloer in operation on Bristol

playa.
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First movement of the playa surface occurred at 21.3 milO per hour
and the material transported consisted entirely of fine aggregates of
crystalline salt, which is found in a thin crust on the surface. Initial
movement of non-saline sediment took place at a velocity of 22 miles per
hour, but the volume of material being transported was negligible. Grain
size analysis showed that the median diameter of this material was 0.12
am. At a velocity of 33.2 miles per hour the amount of sediment moved
was still small but the median diameter had increased to 0.215 mm. The
material transported consisted of aggregates of silt and salt rather than
individual particles, with only minor amounts of sand. These aggregates
were not broken down to particle size in the laboratory for analysis
since, as aggregates, they represented the actual size of material being
moved at the test velocity. When the surface crust was broken and the
underlying material exposed to the effects of the artificially-produced
wind, large amounts of sediment, principally in the silt size, were set
into motion.

The undisturbed surface of a playa is very stable. The finer mater-
ial available for transportation is protected by a highly cemented surface
crust. Winds in excess of 33 miles per hour would be required to raise a
dust or sandstorm on a dry lake of this type,

4. Resul ts nnd conclusions

a. General

The results of the observations made writh the portable blower
are summarized in Figure 27 by a series of 6 histograms showing the in-
crease in grain size of sediments moved with increasing velocity over
different surface types. The histograms on the left show the size distri-
bubLun of sediment moved at lower velouihies and those on the right at
higher velocities. They all indicate that with increased wind velocity
there is an increase in the median diameter of the material translocated;
moreover, there is an increase also with amounts of the larger-sized
materials being LKansported. The variation was least pronounced at the
Twentynine Palms dune locality where there was no moterial larger than
1/2 nmm in diameter available for wind movement. Even so, the amount of
sediment in the largest-size group, 1/4 to 1/2 me, increased with increas-
ing velocity. At the same time, there was a corresponding decrease, per-
centagewise, in the 2 smaller-size grorp. Further results showing the
increase in grain size with velocity increase, and more important, the
critical pick-up velocities, are presented in Figure 28.

From the data shown on the plates, and from the foregoing discussion
in this section, it is evident that critical pick-up velocities on natural
surfaces are primarily a function of the degree of coherency of the sur-
face material and of the grain size.
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Figure 27. Histograms showing variation in sediment distribution
with differing artificially proauced wind velocities.
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b. Degree of coherency

In some areas, a highly coherent surface crust or armor protects
sediments that ordinarily would be susceptiblc to wind transport. This
was especially true at the playa lake site, the alluvial fan, the desert
flat, and the areas of desert pavement. In the last-named, protection is
afforded by a mosaic of pebbles, and little if any material is picked up
by winds blowing over the surface. At playas, very little movement was
noted even at velocities higher than 30 miles per hour.

In contrast, critical pick-up velocities are relatively low in areas
where the surface sediments are incoherent. In the dune area the initial
movement took place at about 10 miles per hour end along the dry wash at
about 19 miles per hour. Above other surfaces such low velocities had
little or no effect. Yet when the surfane crust was broken and the under-
lying material agitated, the critical pick-up velocity was materially
reduced.

c. Grain size

The grain size of the available material is the second considera-
tion of importance. In areas of dnsert pavement vhere granule and pebblc-
size materials are on the surface, no transportation takes place at all,
whereas in sand dune areas where the sediment is maiae up of fine or very
fine sand, the pick-up velocity is extremely low. In areas of incoherent
material the pick-up velocity Nas greatest in that area where the median
diaueter was largest, as shown by the tests performed at 'I'entyninc Palms
and Daggett.

d. Critical Rick-,up velocities on specific surfaces

The critical pink-up velocity on specific surface types varies
over fairly wide limits in relation to the grain size of the surface mate-
rial and with the degree of coherency of this material. Thus, it would be
improper to state that on all slluvl.al fans, for example, the critical
pick-up velocity is a definite number of miles pcr hour. Nevertheless,
fairly definite relationships between wind and its capacity to transport
sediment over specified surface types are suggested by the results of the
velocity tests.

At w.ind velocities of 10 to 35 miles per hour, movement will be
initiated in dune areas consisting of fine to medium sand, and at 20 miles
per hour, pick-up will take place in other sandy areas. Fine material on
the sturface of desert flats will be trarnported in most cases at veloci-
ties of 20 to 25 miles per hour. In regions of crusted alluvial fans and
on many playas s, movement can be expected to starcL at between 30 and 35
miles per hour. On well-developed desert pavement little if any movement
will occur at velocities less than 40 miles per hour, but if the desert
pavement is not well developed, movement can be expected at velocities as
low as 20 miles per hour. If the ground material on any of these surface
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types has been recently disturbed, as by wheeled vehicles or flood allu.-
viations, the critical pick-up vclocity will decrease and a higher inci-
dence of wind-blown material at lower velocities can be anticipated.

I
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SECTION III. VETIMCAL DISMTBI•UTION OF WINDBOMfE SAND AND DUST

1. General

One of the most significant parts of an investigation of windborne
sediment concerns the height above the surface at which the material is
transported by the wind. Is the load carried by the wind dist±4buLtj
evenly throughout the first 10 feet above the surface? Is it carried
largely near the surface? Or is the load near the surface almost negli-
gible? This portion of the study is concerned with answering these ques-
tions and will deal with transportation of sand and dust within the first
6 to 8 feet above the ground.

2. Previous investigations

Studies of the distritutlon of airborne material relatively close
to the surface have produeed much interesting information. The first 1
or 2 feet above the surface is the most critical zone. Bagnold (1941)
hua uhvwr LhaL over any given surface, regardless of the velocity of the
wind, there exists a thin zone of still air. It has been found that the
height to which the wind velocity is zero is approximately equal to 1/30
of the diameter of the sand grains or pebbles of which the surface con-
sists. For example, if the surface material consists of pebbles 15 rmr in
diameter, the air from the surface of the ground on which they rest to a
hei.ght of 0.5 mm is still, and any wind movement that takes place is above
this level.

Above the layer of "still air" the velocity of a given wind increases
rapidly with incrcased height above the surface. Bagnold (194l, p h4)
produced 2 experimental ciurves by plotting wind velocity against height
above the surface. These show a sharp increase in velocity within the
first fuW feet of the surface, followed by a flattening of the curve to a
nearly constant velocity. Similarly, Kerr and Nigra (1952, P 1543) pro-
aenrtcd some of the work of Meyers who conducted studies to show relative
variation of wind velocity with height from the ground. In the curve he
obtained, a sharp break in a rapidly-uptrending curve for a wind velocity
of 13.5 miles per hour was noted at a 10-inch height above the surfuce.
At •a height of 6 feet the curve had flattened out considerably. These
writers estimated that 95 percent of the total sand movement is within 10
-rnches of the ground surface. This is based mostly on information from
fAunnel tests made during sandstorms which showed that the vcight of sand
caught in the funnel stazrted to aecriease when the funnel wras held as high
as 12 inches above the ground and was negligible at a height of 30 inches.

Stallings (1951) made extensive investigations of the mechanics of
soil erosion and found that most of the soil movement in saltation is
below the height of 2 to 3 feet. In his experiments, over 90 percent of
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the soil transported was below the height of 12 inches, and more than
50 percent reimained below the 2-inch level. Stallings also showed that
the rate of transport is largest near the surface. The rate of flow be-
tween the surface and the 38-inch height amounted to about 1+90 pounds of
sediment per hour per 1 foot width of surface for an 18-mile-per-hour
wind, and 990 pounds for a 25-mile-per-hour wind.

Results of previous investigations can be ssunmarized as follows:
(1) above 0.5 millimeters where a still air zone always exists, wind
velocity tends to increase rapidly, (2) the wind velocity and hence the
carrying capacity increases rapidly within the first few feet of the sur-
face, but increases only very slowly above this height; (3) material that
is carried by the wind is for the most part set in motion within the first
12 to 18 inches of the ground surface and most of this is carried within
the first 10 inches or less.

3. Results of field experiments

a. Data from observation posts

Information regarding the vertical distribution of windborne
material was obtained principally from a series of observation posts
erected at strategic positions on representative types of desert surfaces.
The posts consisted of two-by-fours set into the ground to a depth of 1/2
to 2 feet and extending 7 to 8 feet into the air. One of the wide sides
was faced in the direction of the prevailing winds. To collect wind-
carried sand, 2 and in some cases 3 containers were attached to the posts
at intervals of 2 or 3 feet from the ground surface (Fig. 29). These
containers were open at one end and faced in the direction of the prevail-
ing wind. Some of the containers were set with the long axis horizontal
and others with the long axis vertical. To collecot fl ne-c-grained detrit•D
material, 4 x 6 cm glass slides were coated with petrolcum jelly and placed
at different heights on the upper half of the post. The test posts were
under observation from March 1953 to May 1954, a period of 14 months. Each
of the posts was visited monthly, and at each visit the material retnincd
in the containers was removed and brought to the laboratory for analysis.
Late in May 1954, all equipment was removed from the posts and taken to the
laboratory for comparison and analysis. Sites at which post observations
were taken are: Kramer (desert flat), Pisgah (lava field), Bristol (dry
lake), Windy Point (mountain flank), Garnet (dry wash), and Death Valley
(sand dunes). The locations of the observation posts are shown In Figure
22.

Materials obtained from the observation posts were analyzed in the
following ways: (1) from the grain size distribution of the petroleiu-
jelly-coated slides. (2) from grain size analysis of material trapped in
the sediment containers, and (3) from the relative amounts of material
trapped in the containers. (It should be remembered that these results
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Figure 29. Observation post with sediment traps
attached in Death Valley drunes area.

are indicative of average conditions, since the sediment collecting took
place over a period of months, and represent the effects of one or more
windstorms of varying intensity.)

Material on glass slides. Results of the analysts of the material
trapped on the petroleum-covered slides give an indication of grain-size
variation with increasing height. Maximum and minimum diameters were de-
(;ermined by means of a micrometer scale attachment to a petrographic micro-
roccpe. The degree of rounding of the grains and also the mineralogical
content were determined under the mtcraorcope. The sl'des from which the
sed Lient was obtained were located at 2 levels on the posts, the upper
slides at a height. of 72 inches above the surface and the lower at 48 inches.

A comparison of the maximum and minimum diameters for both the upper
and lower slides at 5 localities is shown in Figure 30. The maximum diam-
eter of sediment trapped on the lower slides was 0.49 umy, obtained at the
Bristol post, and -he average mray1mum size at the 5 posts was 0.38 mn,.
These stand in strong contrast to the corresponding sizes measured for the
upper slides which were 0.29 mm for the maximum diameter obtained at Wind
Point, and 0.20 mm as the average maximum for the 5 upper slides. Th"F.re
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Figure 30. Max~imnum andj minimum diaxieters of sediment trapped on the
petroleum jelly slides.



was an apparent variation of about 0.20 mm between the maximum diameters
foud on the lower and wpper slides in each instance.

The minimum diameter of grains on the upper and lower slides showed
little variation, being 0.009 and 0.012 mm, respectively. This materiel
(dust size) was trapped indiscriminately at both the lower and the upper
levels on all posts. The deviations were so minute that it was necessary
to plot them on a different scale thau the one used for maximum diameters,
so that the differences could be shown.

It can be seen that for very fine-grained material (less than 0.01
mm in diameter) there is no appreciable variation in the size of material
carried within the lower 6 feet of the surface. With coarser material,
particularly at diameters above 0.20 mn, there is a distinct relationship
between grain size and height above the surface. The upper slides con-
sistently had finer material, and at each station the material of maximum
size (upper) was approximately 0.20 mn finer than that on the lover slides.

Sediment traps on wind posts:

Grain size. The analyses of the material in the sediment traps on the
observation posts showed similar results. The material that accumulated
in the lowermost containers, which were placed 3 to 5 inches above the
surface, was, with one exception, coarser than the material in the upper
traps, which were situated 26 inches and in some cases 84 inches above the
ground surface. This information is presented in Figure 31 as a compari-
son with the median diameter of the source material in the area of the
sediment trnp. This was believed necessary since there is an obvious re-
lationship between grain size of the material transported at different
levels and the grain size of the material available for wind movement. It
wvuld be possible for the sediment trapped in the upper container in a
region of coarse material to be much coarser than that in a lower con-
tainer in a region where the source mm•rial consisted entirely of much
finer sediment.

The one exception to the obvious decrease in grain size with infreas-
ing height occurred at the Bristol site where the sediment in the upper
container was slightly coarser than that in the lowe-r container. Unless
there were errors in analysis (and the analyses were double checked), the
following explanation may well account for this anomaly. The material of

and -imea i_- very limited at Bristol, aince the playa sediment consists
mostly o clay and silt-size material and less than 10 percent of sand.
One verr strong storm could have moved sand of 0.20 mm at a sufficiently
high elevation to place the sand in the upper trap as well as in the lower
trap. Succeeding storms of lesser violence would have added little if any-
thing to the uppwr Lrtp buL added mufficleen •ime material in the lower
trap to reduce the median diameter of the sediment in that container.
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This appears to be the case,, since much more material was retained in
the lo-er trap, ayid of this, a higher percentage was in the very fine
size groups.

The overall variation of grain size with increasing height at the
observation post traps is shawn by the 6 histograms in Figure 32. The
materials in the traps at the Death Valley dunes, Qarnet, and Pisgah
posts were analyzed and the weight percent of material in the standard-
size groups was plotted against particle diameter in millimeters. At the
Death Valley post the great increase with height in the weight percent of
material betveen 0.-!25 and 0.062 inn (very fine sand) can be noted, with a
corresponding decrease of sediment in the fine and medium sand groups.
At Garnet, there was a nearly 20 percent increase of fine sand at the
upper trap, with appreciable reductions in the medium sand class (between
0.5 and 1.0 mm). At the Pisgah post there was an increase of nearly 10
percent in the very fine sand group in the upper container and a decrease
of approximately 13 percent in the coarser material of the 0.5 to 0.25 EM
size group.

All the histograms show that the amount of material of the finest-
size groups generally increases by 10 to 15 percent with an increase in
height above the surface, while the amount of material in the coarsest
size group is reduced as much as 10 percent. There is a proportionate
reduction with height of material in the intermediate-size groups as well.

Amount of material. Calculations were made showing relative amounts
of material trapped in the upper and lower containers as indicative of the
transporting abillLy of surface winds with increasing height. In a collec-
tion made on 10 October 1953 at the Death Valley dunes there were 585.28
grams of material in the lower container and. only 0.4*38 grams in the upper
container. In this case roughly 0.1 percent of the total collected was
trapped at the upper level and 99.9 percent at the lower level. Another
collection of sediment at the traps of Death Valley on 6 December 1953 re-
vealed that 99.91 percent of the material was transported close to the
surface and only 0.09 percent at the higher level. The weight relation-
ship of material transported at the 2 levels at other observation sites
was similar. At the Pisgah post 92.1 percent of the material collected
was in the lover can and 7.9 percent in the uVer; at Kramer the relation-
ship was 97.4 percent (lover) to 2.6 percent (upper).

b. Data from ,tationary objects

The best evidence of the vertical distribution of windborne
sand can be seen from the abrasive effects on stationary objects. Fence
poles and telephone poles subject to the erosive action of sand-carrying
winds show the effects of the most intense sand blasting at elevations
between 3 and 18 inches from the surface. Above 18 inches little
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Figure 32. Ristograms showing grain size variation with
increasing height above the surface.
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abrasion of the wood can be seen as a rule, although at Windy Point abra-
sive effects were noted up to 42 inches above the surface. In the Yuma
dune area protection to a height of 24 Inches (as shown in Fig. 33) has
proved adequate to prevent abrasion. This is further evidence that the
bulk of the material transported, and particularly that of sand size, is
carried relatively close to the ground.

c. Data from personal interviews and observations

Personal interviewo. One of the more spectacular illustrations
of the variation in the abrasive power of sand-carrying winds at different
hcights was fuxnished by insurtnuce companies. They reported instances of
large trucks and trailers being severely sand-blasted up to heights of 3
or 4 feet with the upper portions of the cab and trailer unaffected. Some
cases of severe abrasion to the lower portions o' passenger cars were also
reported. In all cases the vehicles exhibited a nearly perfect line where
the sand-blasting effect ceased, leaving Uie uppermost portions unaffected.

Personal observ.tions. During sand storms encountered in the course
of the field investigations it was repeatedly noted that the coarse materis.1
was carried almost entirely near the surface and only material of dust size
was carried to greater heights. Usually the wind-driven sand moved as a
definite sheet or layer that ended abruptly 1 or 2 feet above the surface.

Figure 33. Short length of pipe used to protect base
of post in Yuma dunes area suggests that
most abrasion occurs close to ground,
Note intense abrasion of older stump.
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nagnold called it ". mov-ng carpet." During the vdnd storm of 14 Dece•ber
2.953 in Death Valley, the via blowing down the valley from the northwest
(Fig. 34) raised clouds of dust that seoaplete.ly hid. the Cottonvood Mun-
tains on the vest from the road on the east side of the valley. It vat
calculated that the dust cloud had a minimum height of 1,500 feet, yet
the main movement of sand was within 6 feet of the surface and mostly
within the first 2 feet (Fig. 35).

4. Conclusions regad.di abrasion on specified surface types

From data obtained at the observation posts and from personal obser-
vations of wind abrasion on natural objects and equipment taken into the
desert by man, the following conclusions can be drawn.

a. The arecs of most effective wind abracion are active sand dunes,
tracts along large dry washes, and certain exceptional areas such as a
mountain notch where vint is funnelled through a gap. In all these situa-
tions there must be: an abundant source of incoherent sand, strong winds,
no surface crusts, and little binding action by vegetation. -Such areas
axe unstable from a geologic standpoint, since they are not in equilibrium
with their environment.

b. Dry playa surfaces, wet playa surfaces (salt flats), lava flows,
cinder fields, desert pavements, and desert flats are areas of little wind
abrasion. The dry playa and salt flat surfaces are we:-11 protected by a
surface crust of clay, salt, or a mixture of the two, in which material
normally available for wind transport is held in place by a natural binder.
In the lava and cinder areas there is available little loose material
small enough to be carried by the wind, and the rough, irregular surface
brecaks up the flow of wind across the surface. In regions of desert pave-
ment the surface is protected by a layer of coarse lag gravel, the finer
material long. since having been removed. At Garnet, previous removal of
fine material by the wind hs left only very coarse sand and granules at
the surface. Only exceptional winds can transport this material. The
Bwurlace of the desert flat is appar3ntly in equilibrium, and only uusu-
ally strong winds disturb the surface.

None of tUP ne-A tbh+ are in a state of equilibrivm with their
i " .a a zone of effective wind abrasion unless

u •.surbed by vehicles, cultivation, or new sed.imenta.,
.. geologic agents, such as floods.
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Figure 34. Windstlormn of 4 DePcember 1953 raises clouda
of dust in northern part of' Death Valley.
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Figure 35. Sand drifts along close to surface while
dust rises so high as to obscure 6,000-
feet-high mountains acrosa valley. Death
Valley windstorm, 4 December 1953.
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